In this study, we examined the effect of excitatory amino acid (EAA) receptor blockade in the rostral ventrolateral medulla (RVLM) on the renal sympathetic baroreflex in conscious rabbits. Rabbits were implanted with guide cannulae for bilateral microinjections into the RVLM (+2 to +3 mm from the obex, n = 8) or into the intermediate ventrolateral medulla
INTRODUCTION
The pressor region of the rostral ventrolateral medulla (RVLM) is critical in the generation and maintenance of sympathetic activity and is also an essential part of the central baroreflex pathways (8, 9, 15) . The GABAergic synapse is believed to be a principal relay in the RVLM in transmission of baroreceptor information, because blockade of GABA receptors in this area abolished the vasomotor component of the reflex (8, 15) . By contrast, the excitatory amino acids (EAAs) in the RVLM are thought to play little role in mediating cardiovascular responses to baroreceptor stimulation. This assumption is supported by numerous findings that the blockade of ionotropic EAA receptors in the region with local administration of kynurenate did not affect sympathetic baroreflexes in rats (27, 40), rabbits (41) or cats (12) . This contrasts with the essential role of EAAs in the RVLM in mediating many other cardiovascular reflexes. In particular, administration of kynurenate into the RVLM has been shown to attenuate the pressor and sympathoexcitatory reflex responses to hypothalamic stimulation (40), muscular contraction (4), noxious stimulation (34), and renal and vagal afferent stimulation (6, 41) in anesthetized animals. Furthermore, this also contrasts with the ability of glutamate, given into the RVLM, to enhance the sympathetic baroreflex, indicating that local glutamate-sensitive inputs may also play a role in modulating baroreflexes by endogenous EAAs (33). Importantly, all studies that have reported the lack of the effects of kynurenate or other EAA receptor antagonists in the RVLM on baroreflexes have been conducted using acute, anesthetized animal preparations. However, anesthesia may significantly alter the normal functioning of baroreflexes, typically attenuating the gain and/or operational range of the reflex (10, 19, 32, 37) . It is possible that this attenuation is partly due to a decreased responsiveness of the RVLM neurons to EAAs because the pressor responses to local glutamate injections have been shown to be reduced in anesthetized rats (3) . In this way, the functional significance of EAA-sensitive inputs in the RVLM in controlling Final Accepted Version # R-00351-2002.1 baroreflexes may be diminished under anesthesia, which would explain the inability of kynurenate to affect these reflexes.
In the present study, we determined whether the blockade of EAA receptors in the RVLM by local microinjections of kynurenate alters the renal sympathetic and cardiac responses to baroreceptor stimulating and unloading without confounding action of anesthesia. We administered the drugs bilaterally using a recently developed microinjecting system, which enabled us to selectively modulate neuronal activity in highly circumscribed regions of the ventrolateral medulla in conscious rabbits (33) . In order to test the influence of anesthesia on the role of EAA receptors in modulating baroreflexes, the effects of kynurenate microinjections into the RVLM have also been determined after induction of pentobarbitone anesthesia.
MATERIALS AND METHODS
The experiments were performed in 15 conscious rabbits of either sex, weighing 2.7- 
Surgical procedures
Three weeks before the experiments, rabbits were implanted under halothane anesthesia with metal guide cannulae for bilaterally microinjecting into the ventrolateral medulla as described in detail previously (33). Anesthesia was induced using propofol (Diprivan, 10 mg/kg intravenously, Zeneca, UK) and maintained with halothane (Fluothane, Zeneca, UK).
The animal was placed in a stereotaxic frame with lambda and bregma parallel to the Final Accepted Version # R-00351-2002.1 horizontal stereotaxic arm and the angle of the stereotaxic drill was set at 12° from the vertical with the tip pointing rostrally. Holes (1.5 mm in diameter) were then drilled 3.0 mm bilaterally from the central fissure and 4.2 mm posterior to lambda. A stainless steel pin (60 mm length, 0.2 mm diameter) held in a stereotaxic clamp was used to take bilateral measurements from lambda to the base of the skull via the holes. These measurements were used to position the end of the guide cannula 8.0 mm above the base of the skull, which conforms to 7.0 mm above the intended injection site. In addition, the difference between the left and right measurements was used to equal the distance between the guides and the midsagittal plane. The sterilized guide cannula (0.71 mm O.D., 22.5 mm long) was then mounted in a stereotaxic clamp, inserted into the brain and fixed in position with dental cement. One week before the experiments, a bipolar renal nerve electrode for recording RSNA was implanted according to the method of Dorward and colleagues (11) .
Microinjections into the ventrolateral medulla
The histological examination revealed that our guide cannula implantation approach provided the minimal bias between the positions of the left and right injection sites in the respect to the mid-sagittal plane. However, there was a certain variability in the location of injection sites in the ventrolateral medulla in the rostro-caudal direction presumably due to some differences in the shape of the skull which was observed between rabbits. Therefore, in each animal the location of injection sites in the pressor region of the RVLM was verified both functionally, using unilateral and bilateral microinjections of glutamate (5 -10 nmol in 50 -100 nl) and histologically (see below). In eight rabbits, glutamate increased mean arterial pressure (MAP) by more than 20 mmHg and the injection sites were found in the ventrolateral medulla +2.0 to +3.0 mm from the obex, i.e. in the pressor region of the RVLM in the rabbit (9, 33) . These animals were included into the RVLM group (Fig. 1) . In These animals formed the IVLM group (Fig. 1) . In two rabbits glutamate did not change MAP, while the injection sites were found dorso-rostral to the pressor region at the level of +3.2 to +3.5 mm from the obex. These rabbits were used for control microinjection experiments. The microinjections into the ventrolateral medulla were made through a stainless steel needle (315 µm O.D.) connected via polyethylene SP8 tubing to a 250 µL Hamilton syringe. The injection volume was controlled by measuring the displacement of a small air bubble in the polyethylene tubing.
Blood pressure and RSNA measurement
On the day of the experiment, the animal was placed in a standard rabbit box (15x40x18 cm, width x length x height). Under local anesthesia, the central ear artery and marginal ear vein were catheterized and the plug of the renal nerve electrode was retrieved from under the skin. The RSNA and pulsatile arterial pressure (measured with a Statham 23Dc pressure transducer) were continuously monitored throughout the experiment and were sampled at 500 Hz using an analog to digital data acquisition card. The beat-to-beat MAP, heart rate (HR) and integrated RSNA were detected on-line using a LabVIEW program (28).
Since voltages recorded from RSNA electrodes vary considerably between animals, in each experiment the values were normalized to the upper plateau of the first control baroreflex curve, which was taken to equal 100 normalized units (nu).
Experimental protocol
At the beginning of the experiment, each rabbit was subjected to microinjections of glutamate into the ventrolateral medulla as described above. The 30 -40 min recovery Final Accepted Version # R-00351-2002.1 period was allowed between the mapping injections and the remainder of the experiment.
The RSNA and HR baroreflexes were then assessed before and 15 -20 min after bilateral injection of kynurenate (10 nmol in 200 nl) into the ventrolateral medulla. Microinjection of this dose of kynurenate into the RVLM has been shown to reduce the pressor response to electrical stimulation of sciatic (17) or abdominal vagus nerve (6) in the rabbit. In order to test the influence of anesthesia on the baroreflex responses to kynurenate, we determined the effects of the drug in some rabbits from the RVLM group after induction of the surgical level of pentobarbitone anesthesia (45 mg/kg intravenously, n = 4). In addition, in six rabbits, the cardiovascular responses to unilateral injection of glutamate into the RVLM were determined also 10 min after local injection of kynurenate.
The baroreflex was assessed by a ramp rise and fall in MAP produced by intravenous infusions of phenylephrine hydrochloride (0.5 mg/ml, 100 -200 µl for 30 -60 seconds) and sodium nitroprusside (1 mg/ml, 200 -300 µl for 30 -60 seconds), respectively (Fig. 2) . MAP, RSNA and HR from individual rabbits were averaged over 2 sec intervals and fitted to a sigmoid 5 parameter logistic function to produce the RSNA -MAP and HR -MAP curves using a non-linear regression program as described in detail elsewhere (36). Parameters included the lower plateau, which was the minimal RSNA observed during phenylephrine infusion, the range between the lower plateau and upper plateau (maximal RSNA observed during nitroprusside infusion), and the median blood pressure at half the reflex range (BP50).
Two curvature parameters (the upper and lower curvature) were used which allowed for a non-symmetrical fit of the data. The average gain (defined as the slope between the two inflection points of the curve) was calculated as the average of the curvature parameters multiplied by the range and divided by 4.562 (36). The threshold and saturation pressures, i.e. the points where increasing blood pressure begins to inhibit RSNA (HR) and where it maximally inhibits RSNA (HR), respectively, were determined for each baroreflex curve. Final Accepted Version # R-00351-2002.1
Respiration rate was estimated by determining the time required for 30 breaths. Glutamate and kynurenate (both obtained from Sigma Chemical) were dissolved in sterile Ringer's solution (Baxter, Australia), and in the case of kynurenate, pH was adjusted to 7.4-7.6 with a few drops of 1M NaOH.
Upon completion of the experiment, each animal was euthanazed with sodium pentobarbitone and the injection sites were marked with 2% pontamine sky blue solution.
Brains were removed, fixed in 10% formaldehyde solution, and then frozen, sectioned at 30 µm and examined under the microscope for the dye distribution.
Statistical analysis
Values were expressed as means + SE. A split plot (nested) repeated measure ANOVA was used to compare the resting values and responses to kynurenate between the RVLM and IVLM groups of rabbits (26). A multifactor repeated measure ANOVA was used to determine the effect of anesthesia, drug treatment and their interaction. The between animal sum of squares (SS) as well as the treatment SS were removed from the total SS to obtain a within animal SS (38). Effects were considered significant and the null hypothesis was rejected when P < 0.05.
RESULTS
Resting values of MAP, HR, RSNA and respiratory rate were not different between the RVLM (n = 8) and IVLM (n = 5) groups of rabbits (Table 1) . Bilateral microinjections of glutamate (10 nmol) into the RVLM promptly increased RSNA and MAP by 38 + 10 nu and by 34 + 7 mmHg, respectively (P < 0.01). By contrast, microinjections of the same dose of glutamate into the IVLM caused a moderate pressor or depressor response, and as such, the pooled data did not show any overall effect on RSNA (+11 + 10 nu) or MAP (+6 + 7 mmHg). Final Accepted Version # R-00351-2002.1
Bilateral microinjection of kynurenate into the RVLM did not alter resting MAP, HR or RSNA (Table 1) . By contrast, administration of kynurenate into the IVLM increased RSNA by 27 + 11 nu (P = 0.059) and MAP by 27 + 2 mmHg (Table 1) . The MAP and RSNA responses began within 1-2 min after the injection, gradually reaching a maximum 30 -40 min later, and returned to pre-treatment levels within 2 hours after injection. The HR was not altered by microinjections of kynurenate into the IVLM ( Table 1 ). The respiratory rate was not different before or after the injection of kynurenate either into the RVLM or IVLM ( Table 1) .
Administration of kynurenate into the RVLM did not alter the MAP response to local unilateral injection of glutamate, which was +24 + 4 and +25 + 6 mmHg before and after kynurenate, respectively (n = 6; Fig. 3 ). However, the RSNA response to glutamate injections into the RVLM tended to decrease after kynurenate pretreatment from +23 + 7 nu to +13 + 6 nu (P > 0.05).
Microinjections of kynurenate into the RVLM decreased the gain of the RSNA baroreflex by 53 + 10%, but did not affect the lower or upper plateau of this reflex ( Table 2 , Fig. 4 ). This change was mediated by a reduction in the average reflex curvature of -51 + 9% (Table 2 ). This decrease was due to a similar attenuation in both the upper (-59 + 15%, P < 0.01) and lower (-44 + 12%, P < 0.01) curvatures, which reflected a decrease in the threshold pressure (-8 + 3 mmHg, P < 0.05) and increase in the saturation pressure (+12 + 2 mmHg, P < 0.01) of the reflex, respectively (Table 2, Fig. 4) . Similarly, administration of kynurenate into the RVLM did not alter the lower or upper plateau of the HR baroreflex, but decreased the reflex gain by 45 + 10% (Table 3 , Fig. 4 ). This change was due to a reduction in the average curvature (-43 + 9%), which was in turn mediated by concurrent changes in the upper (-49 + 10%, P < 0.01) and lower (-32 + 9%, P < 0.01) curvatures of the HR baroreflex (Fig. 4) . After administration of kynurenate, the threshold and saturation pressures of the HR baroreflex decreased (-10 + 2 mmHg,) and increased (+17 + 4 mmHg), respectively (P <0.05, Table 3 ). Final Accepted Version # R-00351-2002.1
Microinjections of kynurenate into the IVLM shifted the RSNA baroreflex curve to higher pressures, but did not alter the upper plateau, range or lower plateau of this reflex (Table 2 , Fig. 5 ). In contrast to the RVLM group, neither the gain (-7 + 7%) nor curvature (+1 + 15%) of the RSNA baroreflex were changed by kynurenate. The administration of kynurenate into the IVLM shifted the HR baroreflex curve to higher pressures and increased the lower plateau by 38 + 13 beats/min, without affecting the upper plateau of the reflex (Table 3 , Fig. 5 ). Microinjections of kynurenate just rostral to the RVLM in two other rabbits did not affect the RSNA or HR baroreflex parameters (data not shown).
Induction of pentobarbitone anesthesia increased resting MAP from 82 + 1 to 100 + 1 mmHg (P < 0.01, n = 4) and HR from 194 + 12 to 310 + 21 beats/min (P < 0.001), without altering RSNA (Fig. 6) . The anesthesia reduced the gain and range of the RSNA baroreflex by 78 + 13% (P < 0.001) and 40 + 9% (P < 0.01), respectively. Similarly, the gain and range of the HR baroreflex were reduced by 82 + 12% and 48 + 12%, respectively (P < 0.001). The reduction in the range of the HR baroreflex was mediated by a marked increase in the lower plateau (+120 + 19 beats/min), while the upper plateau remained unaffected by anesthesia (Fig. 6 ). Under these conditions, bilateral microinjection of kynurenate into the RVLM did not cause any further alteration in the gain and range of the RSNA or HR baroreflexes (Fig. 6 ).
DISCUSSION
The major finding of the present study is that bilateral microinjection of a broad spectrum EAA receptor antagonist kynurenate into the pressor region of the RVLM markedly reduced the gain of RSNA and HR baroreflexes, without altering resting cardiovascular parameters in conscious rabbits. This indicates that EAA-mediated inputs in the RVLM may subserve to sensitize the baroreflex and thus to increase the RSNA and HR responses to a given change in blood pressure. To our knowledge, this is the first direct evidence that tonic Final Accepted Version # R-00351-2002.1 EAA-mediated inputs in the RVLM can modulate the renal sympathetic and cardiac responses to acute changes in blood pressure in conscious animals via enhancing the buffering capacity of the baroreflex. This effect of kynurenate was likely to be specific to the pressor region of the RVLM since its microinjections into the IVLM or rostral to the RVLM did not affect the baroreflex sensitivity. By contrast, previous studies have reported that microinjections of kynurenate as well as NMDA and non-NMDA receptor antagonists into the RVLM left sympathetic and cardiac baroreflexes intact in anesthetized animals (12, 27, 40, 41) . The reason for such discrepancy may relate to the influence of anesthetics, because in our study kynurenate, given into the RVLM in the same rabbits after induction of pentobarbitone anesthesia, did not alter RSNA or HR baroreflexes. The lack of the effect of kynurenate appeared to be due to the pentobarbitone anesthesia severely compromising the baroreflex gain, which is likely to limit the ability of the pre-motor neurons to be further inhibited. The strong inhibiting action of barbiturate anesthesia on the baroreflex gain has also been reported previously (18, 31). While other commonly used anesthetics, such as urethane and chloralose, generally inhibit baroreflexes in a lesser extent (19, 37), chloralose-urethane still reduces the RSNA baroreflex gain to about 60% of the value in conscious rabbits (10, 11) . Considering that, in the present study, kynurenate decreased the baroreflex gain in a similar extent, it is plausible that its effect may still be masked under less suppressive chloralose and/or urethane regimens.
The attenuation in the baroreflex gain after the kynurenate injection was mediated by a decrease in the reflex curvature, which is likely to reflect a diminished responsiveness of the RVLM neurons to the afferent signals from baroreceptors (7) . By contrast, we have recently found that glutamate microinfusion into the RVLM increased the RSNA baroreflex gain solely via augmenting the reflex range in conscious rabbits, which rather indicates an increase in excitatory capacity of the motoneuron pool, possibly via the recruitment of previously silent Final Accepted Version # R-00351-2002.1 units (33). The dissimilarity between the studies suggests that kynurenate and glutamate in the RVLM can alter baroreflexes acting via different EAA receptor subtypes. The effect of glutamate was mediated, at least in part, via blocking metabotrobic EAA receptors because microinjection of kynurenate into the RVLM did not alter the pressor response to local glutamate injection. The lack of effect of kynurenate on the glutamate-induced pressor responses is in agreement with previous findings that metabotrobic EAA receptors mediate cardiovascular responses evoked by glutamate injections into the RVLM in anesthetized rats and rabbits (13, 42 ). This does not imply, however, that ionotropic EAA receptors in the RVLM cannot mediate, under particular conditions, the glutamate-induced excitation, because kynurenate has been found to block the pressor effect of glutamate in conscious rats (2) .
In the present study, microinjections of kynurenate into the RVLM did not alter resting MAP, HR or RSNA in conscious or anesthetized rabbits. The lack of effect of kynurenate in the RVLM on arterial pressure and basal firing frequency of the local vasomotor neurons was also documented previously in a number of studies in normotensive anesthetized rats (21, 25, 27, 40) and rabbits (41), and also in conscious rats (2) . One explanation of this phenomenon is that EAA-mediated input onto the vasomotor RVLM neurons is not tonically active and resting activity of these cells is determined by their intrinsic pacemaker properties (16) .
Alternatively, a tonically active EAA-mediated input to the RVLM does contribute to the basal drive of the vasomotor RVLM neurons (21). However, kynurenate, given into the RVLM, does not change arterial pressure, because it simultaneously removes, possibly via a presynaptic action, local inhibitory inputs originating from the caudal ventrolateral medulla (CVLM). Pharmacological inhibition of neuronal activity in the CVLM eliminates EAAsensitive inhibitory inputs and kynurenate decreases arterial pressure significantly below the initial resting levels (21). Thus, this hypothesis suggests that endogenous EAAs in the RVLM exert both direct excitatory and indirect inhibitory (the CVLM-dependent) influences on the Final Accepted Version # R-00351-2002.1 local vasomotor neurons and that these opposing influences are in balance at resting conditions. Importantly, if the latter hypothesis is correct, then one may expect that naturally occurring alterations of neuronal activity in the CVLM, such as during baroreceptor loading or unloading (14, 22) , would also change the balance and thus the net effect of kynurenate on the RVLM neurons. In particular, an attenuation of inhibitory activity of the CVLM with a fall in arterial pressure (14, 22) , would decrease influence of EAA-sensitive inhibitory inputs (Fig.   7 ). This would shift the balance towards excitation and thus result in the overall inhibitory influence of kynurenate. This, in turn, would attenuate the sympathoexcitatory response to a given decrease in arterial pressure, reducing the upper baroreflex curvature. By contrast, an increase in activity of the CVLM with a rise in arterial pressure may also enhance EAAmediated inhibitory influence, shifting the balance towards inhibition. This would result in the net excitatory influence of kynurenate and lead to an attenuated sympathoinhibitory response to a given rise in arterial pressure, thus decreasing the lower baroreflex curvature. This model should also assume the existence of EAA-independent barosensitive inhibitory inputs from the CVLM to RVLM (not shown on Fig. 7 for simplicity) , which bring the baroreflex plateaus to pre-kynurenate levels when arterial pressure deviates further from resting values. Thus, current findings that kynurenate is equally effective in decreasing the upper and lower curvatures, while producing little effect on resting arterial pressure, are more consistent with the presence of both excitatory and inhibitory EAA-mediated inputs in the RVLM. On the contrary, the model that suggests the existence of only excitatory EAA-mediated inputs, which are not tonically active at resting conditions, is more likely to predict no effect of kynurenate on baroreflexes when blood pressure increases above resting levels.
It is noteworthy that the balance between EAA-mediated excitation and inhibition of resting activity of the RVLM neurons is not always the case. In particular, it may chronically Final Accepted Version # R-00351-2002.1 be shifted to excitation in hypertension (5, 20) . In addition, this balance may depend on the experimental preparation and anesthetic used, since injection of kynurenate into the RVLM has recently been found to decrease arterial pressure in urethane anesthetized rabbits (6) .
In contrast to the RVLM injections, administration of kynurenate into the IVLM 0 -1.0 mm rostral to the obex level increased resting arterial pressure and RSNA, indicating that EAA inputs were tonically active in this portion of the ventrolateral medulla in agreement with previous studies in anesthetized rabbits (29, 30). However, we also cannot exclude some leakage of kynurenate into the neighboring depressor region of the CVLM, where blockade of EAA inputs to sympathoinhibitory neurons increases arterial pressure and sympathetic activity as shown previously in anesthetized animals (27, 29).
In this study, injections of kynurenate into the IVLM did not alter the gain or range of the sympathetic baroreflex in conscious rabbits. These results might seem somewhat surprising, considering that EAAs play an important role in mediating baroreceptor reflexes at the level of the CVLM, which forms afferent input to the sympathoexcitatory neurons of the RVLM (14, 22, 27). However, it has been shown previously that, in order to affect the baroreflex in the rabbit, it was necessary to treat the rostro-caudal extent of the ventrolateral medulla from 1.3 mm rostral to 3 mm caudal to the obex, using 3 -5 consecutive injections (100 nl each) of kynurenic or kainic acids (29, 30). Thus, in the present study, the single injection of kynurenate was presumably not sufficient to alter the baroreflex transmission in the depressor region of the ventrolateral medulla.
In conclusion, the results of the present study suggest that endogenously released EAA neurotransmitters in the RVLM are important in modulating the renal sympathetic and cardiac baroreflexes in conscious rabbits. However, under resting conditions, blockade of EAAs in the RVLM has little effect on arterial pressure. The current results are consistent with existence of both excitatory and inhibitory EAA-mediated inputs to this region as it was suggested Final Accepted Version # R-00351-2002.1 previously (21). Anesthesia can mask the functional significance of EAAs in the RVLM in controlling the baroreflexes, which may explain why previous studies in anesthetized animals found no effect of blocking EAA receptors in this region on sympathetic baroreflexes.
Perspectives
The present results suggest that endogenous EAAs in the RVLM can modulate the sensitivity of the sympathetic baroreflex in conscious animals. Additional studies are needed, however, to determine under which physiological or pathological conditions this modulation actually takes place. It is well established that the sensitivity of the sympathetic baroreflex is altered in various situations (39), including exercise (24), hypoxia (18, 28), microgravity (23) and different sleep states (35). It is tempting to speculate that EAAs in the RVLM subserve to modulate the baroreflex sensitivity in some of these situations. In particular, this modulation may play a role under conditions, which are characterized by activating local EAA-sensitive inputs, such as during chemoreflex (27) or muscle metaboreflex activation (4) . In this scenario, EAAs would exert a dual action on the vasomotor RVLM neurons by mediating the chemoreflex or metaboreflex evoked sympathoexcitation, and also by increasing the sympathetic baroreflex responsiveness to changes in blood pressure. The previous findings that static exercise is accompanied by a strong increase in the gain of the muscle sympathetic baroreflex, while hypoxia increases the RSNA baroreflex gain are in line with such a possibility (24, 28). This can be regarded as a protective mechanism that buffers an excessive sympathoexcitation evoked by these reflexes to optimize the cardiovascular homeostasis in a given physiological or pathological situation. 
ACKNOWLEDGMENTS

